Introduction
The radius of gyration (R g ) is a fundamental parameter of molecular structure. R g is defined as the mean-square distance from the center of the molecule, as in (1a),
In (1a), N at is the number of atoms in the molecule, r i is the vector from the origin to atom i and r o is the vector from the origin to the geometrical center of the molecule (defined as N À1 at P r i ). Some treatments use a mass-weighted R g as in (1b) (Ivankov et al., 2009) ,
In the mass-weighted version, M is the total mass of the molecule, m i is the mass of atom i and r com is the center-ofmass vector, defined as M À1 P m i r i . R g is particularly useful for describing polymer structure. Flory showed that the average linear dimension of a real polymer, i.e. a three-dimensional chain in which the monomers cannot occupy the same location in space ('excluded volume polymer'), is proportional to the chain length raised to the power 0.6 (Flory, 1949) . This seminal result of polymer physics is often expressed as a power-law relationship, such as 
In (2), N is the number of residues in the polymer, R 0 is a prefactor and is an exponent that approaches the Flory value of 0.6 for long-chain polymers in good solvents, i.e. when polymer-solvent interactions are favored over polymerpolymer interactions (Thirumalai, 2000; Wilkins et al., 1999;  see chapter 1 of de Gennes, 1979 or Doi, 1996 . The exponent is a universal constant and is interpreted to be a measure of the compactness of the polymer. The prefactor R 0 depends on the chemical details of the monomer and the bond geometry. R 0 and are relatively insensitive to the types of secondarystructure elements (-helices or -sheets) in the protein (Hong & Lei, 2009) . As described by Hinsen and coworkers, it is possible, in principle, to estimate R 0 from knowledge of the covalent bonding in the polymer, the chemical details of the solvent, and variable physical and chemical factors such as temperature and pH (Hinsen et al., 2013) . It is also possible to obtain R 0 experimentally, and such studies have yielded values of R 0 for proteins of approximately 2.0 Å (Wilkins et al., 1999; Hofmann et al., 2012; Kohn et al., 2004) .
Decades after Flory's original work, (2) was tested for denatured proteins. The fundamental question was whether the universal exponent of 0.6 applies, considering that denatured proteins are thought to retain considerable residual structure. For example, Kohn and coworkers used small-angle X-ray scattering (SAXS) to show that several small, chemically denatured monomeric proteins exhibit power-law behavior with an exponent of 0.598, which is very close to the Flory value (Kohn et al., 2004) . Hofmann and coworkers likewise obtained close to 0.6 at high denaturant concentration using single-molecule experiments, but interestingly observed sequence-dependent deviations at lower denaturant concentrations (Hofmann et al., 2012) .
Computational scientists realised that R g could be a powerful constraint in protein structure modeling, given an a priori estimate from the sequence. This idea motivated studies of the power-law dependence of monomeric proteins in their native conformations. Several studies showed that the Flory equation applies, but with an exponent smaller than 0.6. The smaller exponent reflects the compaction of the polymer owing to secondary-structure and tertiary-structure elements in the native protein conformation. For example, Skolnick's group reported an exponent of 0.38 for single-domain proteins (Kolinski et al., 1993) . Surveys of monomeric proteins in the Protein Data Bank (PDB; Berman et al., 2000) yielded exponents of 0.33-0.34 (Dima & Thirumalai, 2004; Hofmann et al., 2012; Gong et al., 2005) . Calculations based on the asymmetric units of crystal structures, which do not necessarily correspond to biologically relevant oligomers, produced exponents of 0.365-0.39 (Hong & Lei, 2009; Hinsen et al., 2013) .
Here, (2) is used to study the R g of protein oligomers. Oligomerization is an important aspect of protein structure. Surveys of the PDB suggest that 30-50% of proteins form homooligomers (Goodsell & Olson, 2000; Levy & Teichmann, 2013) . Oligomerization often plays a role in function. For example, substrate-binding and cofactor-binding sites can occur in oligomer interfaces (Marsh & Teichmann, 2015) . Some transcriptional repressors, such as ribbon-helix-helix proteins, bind DNA as obligate dimers (Schreiter & Drennan, 2007) . Many integral membrane secondary transporter proteins function as oligomers (Veenhoff et al., 2002) . Oligomerization is essential to the function of the potassium channel, since the ion-conduction pathway coincides with the fourfold axis of a homotetramer (MacKinnon, 2003) . Quaternary structure sometimes contributes to the regulation of protein function. For example, most allosteric proteins are oligomers (Perica et al., 2012) , enzyme cooperativity usually requires oligomerization (Cornish-Bowden, 2014) , and changes in quaternary structure underlie the regulation of morpheein enzymes (Jaffe, 2005) . Oligomerization also contributes to protein stability (Marsh & Teichmann, 2015) .
Given the propensity of proteins to form oligomers, and the intimate relationship between quaternary structure and protein function, it is important to understand protein oligomerization and to have robust methods for characterizing oligomeric state and quaternary structure. For the present purpose, the term 'protein oligomer' is defined as a proteinprotein complex that can be purified and characterized structurally (Marsh & Teichmann, 2015) . The surfaces and interfaces of such oligomers have been extensively characterized. For example, the accessible surface area of protein oligomers is related to the molecular mass through a power law, similar to a relationship that has been described for monomers (Miller et al., 1987) , and the composition of protein oligomer interfaces (e.g. amino-acid composition, interfacial area, hydrogen boding, ion pairs, complementarity etc.) has been cataloged (Janin et al., 1988; Jones & Thornton, 1995 , 1996 Keskin et al., 2008) . This and other information has been used to identify stable oligomers from crystal structures (Ponstingl et al., 2000 (Ponstingl et al., , 2003 Henrick & Thornton, 1998; Krissinel & Henrick, 2007) . In particular, the PISA algorithm, which is based on physical-chemical models of protein interactions and chemical thermodynamics, is used by the PDB to identify the most likely biological assembly of deposited structures (Krissinel & Henrick, 2007) .
Here, the PDB is surveyed to study the dependence of R g on the number of residues for protein oligomers. The analysis shows that biologically relevant oligomers generally follow power-law behavior. In contrast, highly extended proteins deviate substantially from power-law dependence, and this deviation can be used to identify proteins with atypical aspect ratios. For proteins that are not highly extended, a simple power-law formula is derived for estimating the oligomeric state from an experimental measurement of the radius of gyration. Deviation from powerlaw dependence also occurs for proteins whose oligomeric state or quaternary structure is incorrectly annotated in the PDB. The derived power laws may be useful for identifying and correcting misannotated PDB entries.
Methods
The advanced search tool of the RCSB PDB was used to obtain data sets for protein homooligomers. Tanner Empirical power laws for radii of gyration 1121 Figure 1 Empirical power laws for protein monomers and oligomers. Plots of R g versus the total number of residues in the particle for (a) monomers, (b) dimers, (c) trimers, (d) tetramers, (e) pentamers, ( f ) hexamers, (g) octamers and (h) monomers and all oligomers.
Red boxes indicate misannotated oligomers. In each panel, the solid curve represents the best fit to the equation R g = R 0 N , with R 0 fixed at 2.0 Å and N equal to the total number of residues in the particle. The dashed curves represent AE20% deviation from the fitted power-law curve. The percentage of structures within the AE20% boundaries are as follows: 94% for monomers, 92% for dimers, 87% for trimers, 92% for tetramers, 90% for pentamers, 92% for hexamers, 88% for octamers and 92% for all structures. The blue lines in (b) and (c) represent linear fits for dimeric and trimeric coiled coils, respectively.
with 'A' chosen to select monomers and 'An' to select homooligomers with degree of oligomerization n. Table 1 lists the numbers of structures used in the calculations. The accession codes of the structures are provided in the Supporting Information.
R g was calculated using MOLEMAN v.041001/7.4 (Kleywegt et al., 2001) called by a Linux script (provided in the Supporting Information). The R g calculated from MOLEMAN uses (1a), i.e. the atomic vectors are not massweighted and the center is the geometrical center of the protein, not the center of mass (Gerard Kleywegt, personal communication) . Note that for proteins, (1a) and (1b) yield similar results (typically <1% difference) because the predominant heavy atoms in proteins (N, C, O) have similar masses. The 'Biological Assembly' structure entries (file extension .pdb1) were used for all calculations. Only protein atoms were included in the R g calculations. The calculated R g values are provided in the Supporting Information.
Power-law parameters were obtained by nonlinear curve fitting to (2) using Origin 2016 with R 0 fixed at the experimental value for proteins of 2.0 Å (Wilkins et al., 1999; Hofmann et al., 2012; Kohn et al., 2004) . Fixing R 0 avoids the problem of excessive correlation between R 0 and that occurs when both parameters are allowed to refine. In all the calculations, N in (2) is the total number of residues in the oligomer, i.e. the number of subunits times the number of residues per subunit. N was calculated directly from the atomic coordinates, not from the amino-acid sequence, since residues in the sequence can be absent in the structure.
Results

Power laws for protein oligomers
The radii of gyration of monomers and homooligomers with degree of oligomerization n = 2-6 and 8 were calculated from structures obtained from the PDB. Plots of R g versus the total number of residues in the particle are shown in Fig. 1 . Table 1 lists the power-law exponents () calculated with the constraint of R 0 fixed at the experimental value of 2.0 Å . The exponent for monomers (n = 1) is 0.40, which is in the range of 0.34-0.40 found in other studies (Skolnick et al., 1997; Gong et al., 2005; Hinsen et al., 2013; Hong & Lei, 2009 ). The exponents for oligomers are also near 0.40, spanning the narrow range 0.38-0.41 (Table 1 ). This result shows that oligomers and monomers follow essentially the same power law, which was not previously appreciated. Combining the monomers and oligomers into one graph yields an exponent of 0.40 (Fig. 1h) . Although these calculations show qualitatively that protein oligomers exhibit power-law behavior, note that there is a vertical spread in the data points above and below the fitted curves. To evaluate the spread in the data, boundary curves representing AE20% deviation from the fitted power-law curves are included in Fig. 1 (dashed curves) . The fraction of the structures within the AE20% boundary is approximately 90%, and ranges from 87% for trimers to 94% for monomers, which suggests that the power law reasonably captures the dependence of R g on the number of residues. Cyclic and dihedral symmetries are possible for homomers with an even number of subunits and a degree of oligomerization greater than 2, and it is possible that these two different types of oligomers have different exponents. To test this idea, the cyclic and dihedral oligomers were fitted separately for the tetramer and hexamer groups (Fig. 2) . In both cases, for a given number of residues, cyclic oligomers tend to have a larger R g than the dihedral oligomers. Accordingly, the cyclic oligomer exponent is slightly larger (by $5%) than the corresponding dihedral oligomer exponent (Table 1) .
Predicting oligomeric state from an experimental measurement of R g
The observation that protein oligomers generally follow a power-law dependence suggests a simple method for estimating the oligomeric state (n) when an experimental measurement of R g is available. (2) can be rearranged to solve for the order of oligomerization, n,
In (3), L is the polypeptide chain length for a monomer, which is known from the gene sequence. Inserting the power-law parameters derived from the analysis of all monomers and oligomers ( Fig. 1h) into (3) provides a formula for estimating the degree of oligomerization from R g ,
To illustrate the method, (4) was used to predict the oligomeric states from the SAXS R g for several proteins from the author's laboratory (Table 2 ). For five of the nine proteins, the predicted n is within 0.4 subunits of the known value, meaning that the prediction is essentially correct in these cases. For two other proteins the method is reasonably accurate, predicting the oligomeric state to within one subunit of the correct value (AfUGM and ALDH7A1). The method performed less satisfactorily for only two proteins, where the estimated n value is two subunits away from the known value. The poor prediction of the oligomeric state for Escherichia coli proline utilization A is likely to be owing to the unusual shape of this protein. SAXS shape reconstructions show that the dimeric particle is highly elongated, with dimensions of 205 Â 85 Â 55 Å (Singh et al., 2011) . As shown next, highly elongated proteins deviate substantially from power-law behavior.
Highly elongated proteins deviate from power-law behavior
Several proteins are notable in that they deviate substantially from the power laws by having unusually high R g values. Some of these outliers are proteins that have very elongated structures.
The monomer power-law plot reveals five proteins that have R g > 50 Å (Fig. 1a) . This group includes bacterial adhesion research papers Acta Cryst. (2016). D72, 1119-1129
Tanner Empirical power laws for radii of gyration 1123 Figure 3 Examples of highly elongated proteins which deviate from power-law behavior. The PDB code is listed for each structure. In the monomers (a, b), the chain is colored in a rainbow scheme with blue at the N-terminus and red at the C-terminus. In the oligomers (c-f), each protomer is in a different color. The structures are displayed on a common length scale (see the scale bar at the bottom of the figure) .
proteins [PDB entries 4p99 (Vance et al., 2014) , 4wve (Gruszka et al., 2015) and 2ww8 (Izoré et al., 2010) ], a fragment of nonmuscle myosin 2C (PDB entry 2ycu) and the EphA4 ectodomain (PDB entry 4m4p; Xu et al., 2013) . The adhesion proteins share a common feature of tandem domain repeats, as shown for PDB entry 4wve (Fig. 3a) . The myosin protein is over 200 Å in length because of an extended -helical domain (Fig. 3b) . Analysis of the protein-protein interfaces within these crystal structures using PDBePISA (Krissinel & Henrick, 2007) indicates no stable quaternary structures, thus their annotation in the PDB as monomers is reasonable. Nevertheless, it is likely that some of these proteins form higher order homoassemblies or heteroassemblies when they are in their respective biological complexes.
Highly elongated dimers also appear as outliers in the power-law plots. Notable dimers include a tropomyocin fragment (PDB entry 2efr; S. Minakata, Y. Nitanai, K. Maeda, N. Oda, K. Wakabayashi & Y. Maeda, unpublished work) and the central domain of a Rho-associated kinase (PDB entry 3o0z; Tu et al., 2011) . These proteins have R g > 65 Å , while other dimers with a similar number of residues have an R g of 18-30 Å (Fig. 1b) . Both proteins form long -helical coiled-coil structures that span over 200 Å , as shown for PDB entry 3o0z (Fig. 3c) . Tropomyocins are known to dimerize (Gimona, 2008) , and dimerization of the kinase has been confirmed by multi-angle light scattering (Tu et al., 2011) .
Elongated trimers are seen as outliers from the power-law curve (Fig. 1c) . For example, the receptor-binding tip of the bacteriophage T4 long tail fiber (PDB entry 2xgf) forms a interwoven trimer of 210 Å in length ( Fig. 3d ; Bartual et al., 2010) . The longest trimer in the data set is the Acinetobacter autotransporter adhesin (PDB entry 3wpa), which forms a remarkable particle of 310 Å in length ( Fig. 3e ; Koiwai et al., 2016) .
Interestingly, the highly elongated coiled-coil oligomers form a line of points in the power-law plots. This feature is prominent in the dimer and trimer plots, where one observes a group of structures forming a line with a high positive slope (blue lines in Figs. 1b and 1c) . Linear regression yields slopes of 0.21 Å per residue for dimeric coiled coils and 0.15 Å per residue for trimeric coiled coils.
A very long tetramer is notable. The coiled-coil domain (residues 58-169) of Ndel1 (formerly NudEL; PDB entry 2v71) forms an -helical structure of 350 Å in length (Fig. 3f) . Its R g of 93.4 Å is the largest of the entire data set (Fig. 1d) . Although this protein is primarily dimeric, analytical ultracentrifugation provides evidence of a low-affinity tetramer in solution (Derewenda et al., 2007) ; the four-body assembly in the crystal (Fig. 3f) could represent this tetramer.
In summary, proteins with rare aspect ratios deviate from the power laws. These proteins have truly remarkable shapes (Fig. 3) . Proteins that closely follow power-law behavior have ordinary aspect ratios. Thus, the power laws can be used to identify atypically long proteins and provide an objective basis for using terms such as 'remarkably extended' and 'highly elongated' to describe protein structures.
Misannotated oligomers deviate from power-law behavior
Several outliers from the power laws are proteins whose oligomeric state is incorrectly annotated in the PDB entry. A structure of 3-chlorocatechol 1,2-dioxygenase (PDB entry 2boy; Ferraroni et al., 2006) provides an example of an egregious misannotation. The space group is P1 with eight molecules in the asymmetric unit. The PDB Biological Assembly 1 has an R g of 72.1 Å , which appears as an extreme outlier from the power law (Fig. 1b) . Note that this assembly has the largest R g of the dimer data set. The assembly consists of chains A and E of the asymmetric unit, which are separated by over 100 Å (Fig. 4a) . Obviously, this assembly has no biological significance.
The dimer power-law plot also reveals a Ca 2+ -ATPase (PDB entry 2agv) that is incorrectly annotated as a dimer (Obara et al., 2005) . Biological Assembly 1 of PDB entry 2agv has an R g of 58.0 Å (Fig. 1b) and consists of the two molecules in the asymmetric unit (Fig. 4b) . This assembly contradicts our basic understanding of P-type ATPases (Bublitz et al., 2011) . Ca of Ca 2+ -ATPases are always located on the cytoplasmic face of the membrane. Biological Assembly 1 is obviously wrong because the cytoplasmic domains of the two protomers are on opposite sides of the implied membrane (Fig. 4b ).
An aldolase structure provides a good example of a tetramer whose quaternary structure is incorrectly assigned in the PDB. Biological Assembly 1 of PDB entry 1f2j (Chudzik et al., 2000) has an R g of 77.5 Å (Fig. 1d) , which is the second largest R g of the tetramer data set. Biological Assembly 1 of PDB entry 1f2j consists of two dimers separated by over 100 Å (Fig. 5a) . Although the aldolase is indeed tetrameric, this assembly is obviously irrelevant. PDB Biological Assembly 2 provides the correct tetramer, which is a dimer of dimers with an R g of 34.4 Å (Fig. 5b) .
A Ca 2+ -ATPase (PDB entry 1wpg) is misannotated as a tetramer. As described above for PDB entry 2agv, the Biological Assembly 1 of PDB entry 1wpg (Toyoshima et al., 2004) is an artifact of crystallization because the cytoplasmic domains of the protomers are not on the same face of the membrane (not shown).
The pentamer power-law plot reveals a neuraminidase that is incorrectly listed as a pentamer by the PDB (PDB entry 3k38; Fig. 1e ). It is known that neuraminidase assembles into a box-shaped tetramer of dimensions 100 Â 100 Â 60 Å (Oakley et al., 2010) . Nevertheless, Biological Assembly 1 of PDB entry 3k38 (R g = 43.9) consists of the box-shaped tetramer plus a satellite monomer (Fig. 6a) . The R g of this assembly is the largest of all the pentamers in the data set used (Fig. 1e) . In contrast, the R g of the correct tetramer (34.2 Å ) is within 2 Å of the value predicted from the tetramer power law (36 Å ).
The pentamer plot also uncovers a bizarre annotation for Nostoc sp. 7120 phycocyanobilin:ferredoxin oxidoreductase (PDB entry 2g18; Fig. 1e ). Biological Assembly 1 of PDB entry 2g18 (Tu et al., 2007 ) is a cluster of five proteins with an R g of 40.8 Å (Fig. 6b ). An unusual aspect of this assembly is that one of the protomers does not contact the others. Analysis of the interfaces in the P2 1 lattice of PDB entry 2g18 with PDBe-PISA suggests a domain-swapped two-body assembly with an R g of 28.4 Å that may be stable in solution (Fig. 6c) . In this assembly, the N-termini of the protomers form an antiparallel -sheet. Eight of the 12 molecules in the asymmetric unit form this assembly, while the N-terminus is disordered in the other four chains. Although additional studies are needed to determine the true oligomeric state of this protein in solution, it is unlikely that Biological Assembly 1 depicts the functional enzyme.
The hexamer power-law plot shows an extreme outlier with R g = 78.1 Å (PDB entry 3gqa; Fig. 1f ). This assembly derives from a structure of an N-terminal fragment of the tailed bacteriophage phi29 appendage protein gp12 (ÁNgp12N). The hexamer consists of two ÁNgp12N trimers packed in a linear arrangement so that the N-termini interact (Fig. 7) . It should be noted that PDBePISA generated the hexameric assembly from the crystal lattice, whereas the depositors of PDB entry 3gqa provided strong evidence that the trimer is the correct biological assembly (Xiang et al., 2009) . The interface between the two trimers in the crystal consists of only four residues from each chain and buries only 118 Å 2 of surface area. In contrast, the trimer interface involves 123 residues and buries 4354 Å 2 of surface area. It is also noteworthy that the protein used for crystallization is an N-terminal deletion mutant, so it is conceivable that the hexamer, although not found in the virus, is present in solution in vitro. Additional studies would be needed to verify the existence of the hexamer in solution.
The octamer power-law plot has three main outliers, and the oligomeric state is incorrectly assigned in all three cases (Fig. 1g) . Biological Assembly 1 of S-adenosylhomocysteine hydrolase from Trypanosoma brucei (PDB entry 3h9u; Structural Genomics Consortium, unpublished work) consists of a tetramer flanked by two dimers (R g = 63.5 Å ; Fig. 8a ). This annotation is curious because this enzyme is known to be tetrameric (Turner et al., 2000) . The flanking dimers make few interactions with the tetramer, which casts doubt on the relevance of the eight-molecule assembly. Analysis of the C2 lattice with PDBePISA suggests that the tetramer is stable in solution. This tetramer is also formed in space group I222 by human S-adenosylhomocysteine hydrolase (PDB entry 4pfj), a protein that is suggested to be tetrameric in solution by size-exclusion chromatography . The occurrence of an assembly in different crystal forms is strong evidence that it represents the oligomer in solution. Oddly, the conserved tetramer is not listed among the Biological Assemblies of PDB entry 3h9u.
The C1A mutant of E. coli glucosamine-6-phosphate synthase is similarly misannotated as an octamer (PDB entry 3ooj). This enzyme is subject to morpheein-type allosteric regulation involving an equilibrium between an active dimer and an inactive trimer-of-dimers hexamer (Mouilleron et al., 2012) . Biological Assembly 1 of PDB entry 3ooj (R g = 61.5 Å ) consists of the hexamer and an additional dimer (Fig. 8b) . It seems unlikely that the dimer and hexamer interact as suggested in the octamer.
Finally, the octameric Biological Assembly 1 of Salmonella typhimurium NfnB dihydropteridine reductase (PDB entry 3hzn; Center for Structural Genomics of Infectious Diseases, unpublished work) is a linear arrangement of four dimers with an R g of 55.3 Å (Fig. 8c) . The dimer appears to be the correct oligomer, based on analysis with PDBePISA and comparison to homologous (88% identical) nitroreductases (e.g. PDB entries 1yki and 1nec; Race et al., 2005; H.-J. Hecht, C. Bryant, H. Erdmann, H. Pelletier & R. Sawaya, unpublished work) . The dimer is Biological Assembly 3 in the PDB.
4. Discussion 4.1. A simple, intuitive method for predicting oligomeric state from the SAXS R g A potential application of oligomer power laws is the prediction of oligomeric state from an experimental measurement of R g . Simplicity is a strength of the method, since it requires only an estimate of R g and the number of residues in a monomer of the protein. Also, unlike more sophisticated methods (Rambo & Tainer, 2011 , extensive knowledge of SAXS theory is not required to understand the basis of the R g power-law method. The method was found to be reasonably accurate. The prediction of oligomeric state was correct for five of the nine test proteins and was within one subunit for two other cases ( Table 2 ). The largest error in n was two subunits.
The R g power-law method can be compared with Rambo and Tainer's volume-of-correlation method, which is the gold standard for determining molecular mass, and hence oligomeric state, from a SAXS curve collected on a relative intensity scale (Rambo & Tainer, 2013) . The volume-ofcorrelation method correctly predicted the oligomeric state to within one subunit for all of the test cases used here ( Table 2) . The R g power-law method performed as well or better than the volume-of-correlation method for six out of the nine cases, which is surprisingly good considering the simple basis of the R g method. Although the R g power-law formula (4) is not likely to replace the volume-of-correlation method, it nevertheless provides a simple and intuitive tool for confirming the oligomeric state from SAXS data.
Using power laws to identify, correct and prevent misannotations in the PDB
The educational portal of the PDB, known as PDB-101 (Rose et al., 2013) , defines the Biological Assemblies provided for each entry as follows:
The biological assembly (also sometimes referred to as the biological unit) is the macromolecular assembly that has either been shown to be or is believed to be the functional form of the molecule.
The analysis presented here shows that several of the assemblies offered by the PDB are wrong. This result is consistent with earlier studies reporting 14-15% error rates in the quaternary-structure assignment of protein homooligomers in the PDB (Ponstingl et al., 2003; Levy, 2007) . Correcting these errors is important not only for individual users of the PDB, but also for servers that use the PDB's biological assemblies, such as BioAssemblyModeler (Shapovalov et al., 2014) and the Protein Biological Unit Database (Xu et al., 2006) .
More generally, there is increasing concern about incorrect annotations in databases. Lundin and coworkers compared their manually curated ribonucleotide reductase database with GenBank and found that only 23% of the ribonucleotide reductase entries in GenBank were annotated correctly with regard to class, role and function (Lundin et al., 2009 ). Schnoes and coworkers performed a wider evaluation of misannotation levels for molecular function of six superfamilies in four public protein-sequence databases (Schnoes et al., 2009) . The misannotation levels averaged 5-63% across the superfamilies studied and reached as high as 80% for some cases. Green and Karp reported errors in the Enzyme Commission numbers assigned to entries in several databases (Green & Karp, 2005) . Misannotations can mislead individual users, especially novices such as students, corrupt data-mining studies and negatively impact the training and validation of new bioinformatics algorithms. Thus, computational methods for identifying errors in databases are welcome.
The power laws described here may be useful for identifying and correcting misannotated oligomers. The use of power laws for this purpose has precedent. For example, the accessible surface area of monomeric proteins follows a power law of the molecular weight raised to the power 0.7-0.8 (Miller et al., 1987; Marsh, 2013) . Marsh showed that deviation from this behavior could be used to identify proteins that were erroneously classified as monomers rather than oligomers (Marsh, 2013) . Similarly, it seems possible to identify misannotations of oligomeric state or quaternary structure by analyzing the biological assemblies in the PDB for deviation from R g powerlaw behavior. The outlying assemblies could then be analyzed with more robust computational methods, such as PDBePISA (Krissinel, 2015; Krissinel & Henrick, 2005 .
This strategy could be implemented as part of the PDB deposition procedure. For example, the deposition validation report could include the relevant oligomer scatter plot showing the current PDB holdings and the fitted power-law curve, along with symbols indicating the depositor's assembly and those calculated from PDBePISA. An example of such a validation figure is shown for PDB entry 2boy (Fig. 9a) . Alternatively, this information could be conveyed by a histogram showing the frequency of R g (Fig. 9b) . In this example, note that only one of the four assemblies has a significant dimer interface and occupies the highly populated region of R g space (assembly 4); this assembly is the one suggested by PDBePISA. It should also be possible to provide this information with a percentile slider bar, as is currently performed for R free and other global validation metrics. Such figures would provide a visual representation of how the depositor's assembly compares with others in the PDB. Consideration of these ideas would help improve the premier database of structural biology. Validation of the assemblies of PDB entry 2boy using R g data. (a) The power-law plot for dimers, with the four assemblies currently assigned for PDB entry 2boy indicated by red stars. The solid cyan curve is the fitted power law. The dashed cyan curves represent AE20% deviation from the fitted power-law curve. (b) A histogram showing the frequency of R g for dimers with 480-520 residues. The R g values and structures of the four assemblies of PDB entry 2boy are indicated.
